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Abstract
In a sample of 58 million J/ψ events collected with the BES II detector, the process J/ψ → γ ηc is observed in five decay
channels: ηc →K+K−π+π−, π+π−π+π−, K±K0Sπ∓ (with K0S → π+π−), φφ (with φ→K+K−) and pp¯. From these
signals, we determine
Br(J/ψ→ γ ηc)Br(ηc→K+K−π+π−)= (1.5± 0.2± 0.2)× 10−4,
Br(J/ψ→ γ ηc)Br(ηc→ π+π−π+π−)= (1.3± 0.2± 0.4)× 10−4,
Br(J/ψ→ γ ηc)Br(ηc→K±K0Sπ∓)= (2.2± 0.3± 0.5)× 10−4,
Br(J/ψ→ γ ηc)Br(ηc→ φφ)= (3.3± 0.6± 0.6)× 10−5,
Br(J/ψ→ γ ηc)Br(ηc→ pp¯)= (1.9± 0.3± 0.3)× 10−5.
 2003 Elsevier B.V.
PACS: 13.25.Gv; 14.40.Gx; 13.40.Hq
Open access under CC BY license.Hadronic decays of the ηc have been studied by
Mark III [1,2], DM2 [3], and other experiments [4–7].
However, the branching fractions of the ηc still have
very large errors in the Particle Data Group (PDG)
compilation [8]. More recently the branching fractions
for B → ηcK decays and B → ηcK∗ have been
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1 Visiting professor to University of Michigan, Ann Arbor, MI
48109, USAmeasured by the Belle [9,10] experiment, and their
measured branching fraction for ηc → φφ is smaller
than the PDG value [8].
In a previous Letter [11], based on 58 million
J/ψ events collected in the Beijing Spectrometer
(BES II) detector at the Beijing Electron–Positron
Collider, we measured the ηc mass and width using
the processes J/ψ → γ ηc, ηc → K+K−π+π−,
π+π−π+π−, K±K0Sπ∓ (with K0S → π+π−), φφ
(with φ → K+K−) and pp¯, and obtained mηc =
2977.5± 1.0(stat)± 1.2(sys) MeV and Γηc = 17.0±
18 BES Collaboration / Physics Letters B 578 (2004) 16–223.7(stat) ± 7.4(sys) MeV. In this Letter, we report
measurements of the branching ratios for the same
processes.
BES is a conventional solenoidal magnet detec-
tor that is described in detail in Ref. [12]; BESII
is the upgraded version of the BES detector [13].
A 12-layer vertex chamber (VTC) surrounding the
beam pipe provides trigger information. A forty-
layer main drift chamber (MDC), located radially out-
side the VTC, provides trajectory and energy loss
(dE/dx) information for charged tracks over 85% of
the total solid angle with a momentum resolution of
σp/p = 0.0178
√
1+ p2 (p in GeV/c) and a dE/dx
resolution for hadron tracks of ∼ 8%. An array of
48 scintillation counters surrounding the MDC mea-
sures the time-of-flight (TOF) of charged tracks with
a resolution of ∼ 200 ps for hadrons. Radially out-
side the TOF system is a 12 radiation length barrel
shower counter (BSC), composed of alternating layers
of gas streamer tubes and lead plates. This measures
the energies of electrons and photons over ∼ 80%
of the 4π solid angle with an energy resolution of
σE/E = 21%/
√
E (E in GeV). Outside the solenoidal
coil, which provides a 0.4 Tesla magnetic field over
the tracking volume, is an iron flux return that is in-
strumented with three double layers of counters that
identify muons of momentum greater than 0.5 GeV/c.
A Geant3 based Monte Carlo, SIMBES, which sim-
ulates the detector response, including interactions of
secondary particles in the detector material, is used in
this analysis. Reasonable agreement between data and
Monte Carlo simulation is observed in various chan-
nels tested, including e+e− → (γ )e+e−, e+e− →
(γ )µµ, J/ψ → pp¯, J/ψ → ρπ , and ψ(2S)→ π +
π−J/ψ , J/ψ → l+l−.
Candidate events are required to have the correct
number of charged tracks for a given hypothesis. Each
track must be well fit to a helix in the polar angle
range | cosθ | < 0.84 and have a transverse momen-
tum above 60 MeV/c. For the decay channels J/ψ→
γK+K−π+π−, J/ψ → γπ+π−π+π−, J/ψ →
γK±π∓π+π− and J/ψ → γpp¯, at least one photon
with energy Eγ > 30 MeV is required in the barrel
shower counter.
TOF and dE/dx information are used for particle
identification. For the K+K−π+π−, π+π−π+π−,
K±K0Sπ∓, φφ, and pp¯ channels, two kaons and at
least one pion, at least three pions, one kaon and atleast two pions, at least one kaon in each φ, and
both the proton and antiproton must be identified,
respectively.
Events are kinematically fitted with four constraints
(4C) to the hypotheses: J/ψ → γK+K−π+π−,
J/ψ → γπ+π−π+π−, J/ψ → γK±π∓π+π−, and
J/ψ → γpp¯. A one-constraint (1C) fit is performed
for the J/ψ→ γmissK+K−K+K− hypothesis, where
γmiss indicates that this photon is not detected. Events
with a χ2 less than 40.0 for a particular channel are
selected.
In order to remove backgrounds from non-radiative
decay channels, all selected events are subjected to
(4C) kinematic fits to the hypotheses:
J/ψ →K+K−π+π−, J/ψ → π+π−π+π−,
J/ψ →K±π∓π+π−,
and are required to satisfy
χ2(J/ψ→K+K−π+π−) > 20.0
(for K+K−π+π−),
χ2(J/ψ→ π+π−π+π−) > 10.0
(for π+π−π+π−),
χ2(J/ψ→K±π∓π+π−) > 10.0
(for K±K0Sπ∓).
For the J/ψ → γpp¯ channel, we require that the
opening angle of the two charged tracks is smaller than
179◦. A detailed Monte Carlo simulation shows that
these cuts, referred to below as the J/ψ veto, do not
distort the invariant mass distributions around the ηc
signal peak.
Two additional variables are used to reject events
with wrong final state assignments. The first vari-
able, |Umiss| = |(Emiss − | Pmiss|c)|, is used to reject
events with multi-photons and misidentified charged
particles. Here, Emiss and Pmiss are, respectively, the
missing energy and momentum calculated using mea-
sured quantities for charged tracks. A second variable,
P 2tγ = 4| Pmiss|2 sin2(θtγ /2), where θtγ is the angle be-
tween the missing momentum and the photon direc-
tion, is used to reduce backgrounds from π0’s. The
specific values of the selection requirements for these
two kinematic variables are summarized in Table 1.
For the K+K−π+π− and π+π−π+π− channels,
|Mπ+π−π0 −Mω|> 40 MeV/c2 is required to remove
BES Collaboration / Physics Letters B 578 (2004) 16–22 19Table 1
Cuts imposed on |Umiss| and P 2tγ for event selection
Mode (J/ψ → γX ) |Umiss| (GeV) P 2tγ
(
(GeV/c)2
)
γK+K−π+π− < 0.15 < 0.002
γπ+π−π+π− < 0.10 < 0.0015
γK±K0
S
π∓ (γK±π∓π+π−) – < 0.003
γpp¯ < 0.15 < 0.003
the background from J/ψ → ωπ+π− and J/ψ →
ωK+K−; where a π0 is associated with the missing
momentum. For the K+K−π+π− channel, we per-
form a cut on the K+K− invariant mass, |MK+K− −
Mφ | > 20 MeV/c2, to remove the background due
to φ(1020). For the π+π−π+π− channel, a cut
on each π+π− invariant mass, |Mπ+π− − MK0s | >
25 MeV/c2, is applied to remove the background from
γK0s K
0
s events.
For events having more than one photon detected
in the shower counter, we use the following cuts
to remove possible π0 background. For the J/ψ →
γπ+π−π+π− channel, if there are at least two
photons, γ1 and γ2, and if Pmiss is in the same plane as
the two photons, i.e., |Pˆmiss · (rˆγ 1 × rˆγ 2)| < 0.15, we
require that |M(γ1γ2)−M(π0)|> 60 MeV/c2. Here
Pˆmiss is the unit vector in the direction of the missing
momentum, determined from the charged tracks only;
rˆγ 1 and rˆγ 2 are unit vectors in the γ1 and γ2 directions,
determined by the shower counter; and M(γ1γ2) is
the invariant mass of the γ1γ2 pair, obtained by using
| Pmiss| and the angles between Pmiss and the γ1 and γ2
directions, where we assume that the missing particle
decays to γ1 and γ2. The advantage of this technique
is that it uses the momenta of charged tracks measured
by the MDC, which has good momentum resolution,
but does not use the photon energy measurements. For
J/ψ → γK+K−π+π−, γK±K0Sπ∓, and γpp¯, we
require that |M(γ1γ2)−M(π0)| > 50 MeV/c2 when
|Pˆmiss · (rˆγ 1 × rˆγ 2)|< 0.14.
For the K±K0Sπ∓ (with K0S → π+π−) channel,
the π+π− invariant mass for the K0S candidate is re-
quired to be within 25 MeV/c2 of theK0S mass. For the
φφ (with φ→K+K−) channel, the invariant masses
of both candidate φ’s, corresponding to K+K− pairs,
are required to be within 20 MeV/c2 of the φ mass.
After event selection, the invariant mass spectra for
the individual decay modes are obtained, as shown inFig. 1. An unbinned maximum likelihood fit using MI-
NUIT [14] is performed to all five channels simulta-
neously, with the fitting function for a given channel i
given by
fi(m)= ai
[
BW(M,Γ,m)⊗GS(m,σi)
]
EFFi (m)
+ (1− ai)BGi (m),
where M and Γ are the mass and width of the ηc, re-
spectively, m is the invariant mass for each event, σi
is the mass resolution in the ηc region, BW is a Breit–
Wigner function describing the ηc signal, EFFi is an
efficiency correction function, and BGi is a second-
order polynomial function describing the background
shape. In order to include the experimental resolution,
the BW function is folded with a Gaussian resolution
function GS with the resolution σi fixed at a value de-
termined from the Monte Carlo simulation. The para-
metersM and Γ and the coefficients of the polynomial
function, ai , are determined from the fit. The log like-
lihood function for the channel i is given by
Si =− lnLi =− ln
(Neventi∏
j=1
fi(mj )
)
,
where Neventi is the total number of events. The overall
log likelihood function,
S =
5∑
i=1
Si,
is minimized to obtain the fitting results from the five
channels simultaneously. The fit result is shown in
Fig. 1.
The branching ratio can be calculated using
Br = Nfit//
NJ/ψ
= N
NJ/ψ
,
where / is the detection efficiency; N = Nfit// is
the efficiency-corrected number of ηc events obtained
directly from the fit and corrected using Br(K0s →
π+π−) and Br(φ → K+K−) [8] where necessary;
and NJ/ψ = (57.7 ± 2.72) × 106 [15] is the total
number of J/ψ events. The numbers of ηc events
determined from the fit and the corresponding product
branching ratios, by decay channel, are listed in
Table 2.
20 BES Collaboration / Physics Letters B 578 (2004) 16–22Fig. 1. Invariant mass distributions in the ηc region (a) mK+K−π+π− , (b) mπ+π−π+π− , (c) mK±K0
S
π∓ , (d) mφφ and (e) mpp¯ . The histograms
correspond to the data; the curves are the fit result.The main systematic error contributions in measur-
ing the ηc branching ratios originate from uncertain-
ties in the background shape parameterization used,
differences between Monte Carlo simulations using
different drift chamber wire resolutions, detection ef-
ficiency differences due to uncertainties in ηc decaysequences into the final state (for ηc → π+π−π+π−,
ηc → K+K−π+π− and ηc → K±K0Sπ∓), differ-
ences in the photon efficiency determined using data
and that determined from the Monte Carlo simula-
tion, particle identification uncertainties, and the un-
certainty in the total number of J/ψ events. In Fig. 1,
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Number of ηc events and corresponding branching ratios for the individual channels (corrected using Br(K0s → π+π−) and Br(φ →
K+K−) [8] where necessary)
Process No. of events No. of events Product of
J/ψ → γ ηc (detected) (efficiency-corrected) branching ratios
ηc →K+K−π+π− 413± 54 8453±1110 (1.5± 0.2± 0.2)× 10−4
ηc → π+π−π+π− 542± 75 7643±1062 (1.3± 0.2± 0.4)× 10−4
ηc →K±K0Sπ∓ 609± 71 12516±1460 (2.2± 0.3± 0.5)× 10−4
ηc → φφ 357± 64 1922 ± 357 (3.3± 0.6± 0.6)× 10−5
ηc → pp¯ 213± 33 1105 ± 171 (1.9± 0.3± 0.3)× 10−5
Table 3
Relative systematic error caused by background shape
Sources K+K−π+π− π+π−π+π− K±K0
S
π∓ φφ pp¯
Background polynomial 4.4% 7.6% 2.5% 8.3% 3.2%
Fitting range 9.4% 8.4% 17.2% 15.5% 10.6%
J/ψ veto 1.7% 26.6% 10.1% 17.3% 15.2%
Table 4
Relative systematic error summary
Sources K+K−π+π− π+π−π+π− K±K0Sπ∓ φφ pp¯
BG shape 9.4% 26.6% 17.2% 17.3% 15.2%
Wire resolution 10.4% 17.1% 13.1% 2.9% 4.7%
ηc decay sequences 4.5% 4.5% 1.0% − −
γ efficiency 2.0% 2.0% 2.0% 2.0% 2.0%
Particle identification 2.5% 2.7% 2.2% 2.5% 1.1%
NJ/ψ 4.7% 4.7% 4.7% 4.7% 4.7%
Total 15.8% 32.5% 22.3% 18.4% 16.7%second-order polynomials are used to describe the
backgrounds. The systematic errors due to the back-
ground shape are studied by using alternative lin-
ear polynomial functions to fit the backgrounds in
Fig. 1(b), (d), and (e) and third-order polynomials to
fit the backgrounds in Fig. 1(a) and (c), changing the
upper fitting bound from 3.05 to 3.07 GeV/c2, and re-
moving the J/ψ veto from the event selection. The
relative systematic errors from these sources are listed
in Table 3. Since the errors are correlated, we choose
the largest one as the systematic error due to the back-
ground shape.
The relative systematic errors for the individual
channels are summarized in Table 4, where the indi-
vidual contributions are added in quadrature to obtainthe total relative systematic error. The systematic er-
rors on the product branching ratios are given in Ta-
ble 2.
Using the branching fraction Br(J/ψ → γ ηc) =
(1.3 ± 0.4)% [8], the ηc branching fractions can be
obtained. Table 5 shows the BES results together
with the PDG [8] and Belle [9,10] values. The BES
Br(ηc → φφ) is smaller than the current PDG value
of (7.1 ± 2.8) × 10−3 and is consistent with the
Belle [10] and DM2 [3] measurements within errors.
The branching fractions for ηc → K±K0Sπ∓ and
ηc → pp¯ are consistent with both the Belle [9] and
PDG values [8]. The branching fractions for ηc →
π+π−π+π− and ηc → K+K−π+π− are consistent
with the PDG values [8] within errors.
22 BES Collaboration / Physics Letters B 578 (2004) 16–22Table 5
Branching fractions of the ηc (the Belle results of Br(ηc→K±K0Sπ∓) and Br(ηc → pp¯) are calculated from Ref. [10])
Process BES (%) PDG02 (%) [8] Belle (%)
Br(ηc →K+K−π+π−) 1.2± 0.4 2.0+0.7−0.6 –
Br(ηc → π+π−π+π−) 1.0± 0.5 1.2± 0.4 –
Br(ηc →K±K0Sπ∓) 1.7± 0.7 13 (5.5± 1.7) ∼ 1.8
Br(ηc → φφ) 0.25± 0.09 0.71± 0.28 0.18+0.08−0.06±0.07
Br(ηc → pp¯) 0.15± 0.06 0.12± 0.04 ∼ 0.14Acknowledgements
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